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Abstract
I have been asked to discuss with you today the manner in which residual stresses affect the design and
fabrication of engineering structures, and their field service. This really reduces to a consideration of what
happens to the mechanical properties and characteristics of various materials, and structures made from them,
when the residual stresses that they might contain are not relieved.
Disciplines
Materials Science and Engineering | Structures and Materials
This 5. residual stress and related properties is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/
cnde_yellowjackets_1974/25
EFFECTS OF RESIDUAL STRESSES UPON DESIGN, 
FABRICATION AND FIELD SERVICE 
Lynn J. Ebert 
Metallurgy and Materials Science 
Case Western Reserve University 
Cleveland, Ohio 
I have been asked to discuss with you today the manner in which 
residual stresses affect the design and fabrication of engineering 
structures, and their field service. This really reduces to a con-
sideration of what happens to the mechanical properties and character-
istics of various materials, and structures made from them, when the 
residual stresses that they might contain are not relieved. 
Before we can delve directly into the major effects of residual 
stresses, it is important to be sure that we all have the same under-
standing of just precisely what residual stresses are. This, in turn, 
requires some understanding of their origin. Consequently, a brief 
review of these basic concepts is in order. 
DEFINITION OF RESIDUAL STRESSES 
By classical definition, residual stresses are those stresses 
which remain in a body when all external forces (except gravity) have 
been removed from it. These stresses are sometimes termed 11 locked-in 11 
stresses which exist in a body at rest. 
Since the body containing the residual stresses must be at 
equilibrium (if it is at rest, and subject to no externally applied 
forces), it is clear that the residual stresses within the body must 
be both positive (tension) and negative (compression) in sign to 
maintain the equilibrium state. Further, the stresses must exist in 
all three principal directions within the body. 
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In this consideration, we shall be concerned only with 11 macro 11 
residual stresses, or those which exist in a body on a scale much 
larger than the micro-scale. 11Micro 11 residual stresses are those 
which exist in a body on nearly an atom-scale, or at least on the 
scale of those material features which can be seen only with the aid 
of high-magnification microscopy. These local stresses are sometimes 
termed 11 tesselated 11 stresses. While it is true that the systematic 
variation of micro-stresses can, in fact, produce a macro-stress 
distribution across, or within, a body at rest, the engineering 
properties and characteristics of the material can be adequately 
understood by giving attention only to the macro-stresses. 
INTRINSIC NATURE OF RESIDUAL STRESSES 
Since stresses are an entirely elastic phenomena, and further, 
since stresses are always related to only the elastic strain portion of 
the total (through appropriate Hookian relations), the presence of 
residual stresses within a body must mean the presence of non-uniform 
distributions of elastic strains within the body. This is a very 
important concept in the consideration of residual stresses - they are 
really a manifestation of non-uniform distribution of elastic strains 
within the body. If this is kept in mind at all times in working with 
residual stresses, the effect of the stresses on the properties and 
characteristics of the body, as well as the remedial measures for 
the reduction of residual stress levels, is much more easily under-
stood. 
ORIGIN OF RESIDUAL STRESSES 
In considering the origin of residual stresses, it is first neces-
sary to specify the nature of the body in which they exist. For this 
purpose, the bodies containing the residual stresses can be placed into 
three categories: (1) mechanical assemblies of components, (2) fusion-
joined assemblies of components, and (3) homogeneous bodies. 
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In the first of the categories, the non-uniform distribution of 
the elastic strains in the body results from interference fits, mis-
alignments, etc. Shrink-fitted, inserted dies are a typical example of 
bodies in this grouping, Fig, 1. Here the insert is machined with a 
larger outside diameter than the corresponding inside diameter of the 
supporting ring, hence an interference fit results when the die is 
assembled. (The assembly can be made by press fitting the insert into 
the ring, or by cooling the insert and heating the supporting ring prior 
to assembly, while the converse is true for the insert. Hence, in order 
to maintain the equilibrium of the inserted die assembly, the support 
ring must sustain a residual tensile strain (and hence a residual tensile 
stress) in the hoop direction, while the insert must sustain a residual 
compressive strain (and hence a residual compressive stress) in the. hoop 
direction. The distribution of the hoop stresses in the assembled die 
are shown in Fig. 1. The stresses in the remaining two principal 
directions are not shown, nor will they be discussed. 
In the second of the categories, fusion-joined assemblies of com-
ponents, residual strains result from the resistance of the assembly to 
the thermal contraction of the parts which were heated to produce the 
assembly, or to.the thermal contraction of the fusion material itself, 
Figure 2 is a schematic illustration of the kind of residual strain and 
residual stress distributions that result in various parts of the assembly 
as a result of the constraints created by the structure to the thermal 
contractions. 
Residual stresses in the first two categories are sometimes termed 
11 contingent 11 stresses, because their existence is 11 Contingent 11 upon the 
presence of adjoining members. 
In the final category, that of homogeneous materials and/or 
bodies, the residual strains result from a non-uniform distribution 
of plastic deformation. I would like to use this category for the basis 
of discussion of the effects of the residual stresses in the bulk of 
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An Inserted Die in Which the Outer Ring is Shrunk onto the Inner Nib. The natural mis-
match between the two creates tensile hoop stresses in the outer ring and compressive hoop 
stresses in the inner ring. 
EXAMPLE OF RESIDUAL STRESSES 
IN A COMPOSITE BODY 
FIGURE 1 
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my presentation. I believe that the reasons for doing so will become 
apparent as we go along. 
The plastic deformation whose non-uniformity results in residual 
elastic strains (and therefore residual stresses) in homogeneous 
materials can be related to two general types of treatments. The first 
of these is a mechanical working process, while the second may be a 
heat treatment. The residual stresses produced by both of them have 
the same effects on the properties and performance of materials as the 
residual stresses from any other source. 
Mechanical working processes almost invariably involve tool contact 
with the body being worked and a change in shape of the body. The 
frictional effects at the tool-material interface, and the (usually) 
asymetric change in shape of the body, result in different rates and 
different amounts of plastic deformation at various locations within 
the body. Thus, there will be a strain and a hardness gradient within 
the body as a result of the mechanical working process. Figure 3 is 
a schematic illustration of the metal flow gradients within a body 
which is undergoing plastic deformation by a typical mechanical working 
process, die-drawing in th1s case. 
As a result of the hardness gradients produced in the body which 
has been mechanically worked, different locations within the body will 
tend to "spring back" different amounts (or recover elastically dif-
ferent amounts) when the working forces are removed. However, since 
the mechanics continuum must be maintained within the body, the amount 
that the different locations can actually recover is different from 
that which would take place if each area of the workpiece were a "free 
body" of i tse 1 f. Figure 4 is a schematic i 11 ustrati on of this phenomenon, 
and demonstrates the manner in which the constraints exerted by the 
several sections of the body produce a non-uniform distribution of 
residual elastic strains within the body, and concommitantly, residual 
stresses. In Fig. 4, it is presumed that a solid bar has been drawn 
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through a round die, and a non-uniform distribution of hardness results. 
For the sake of simplicity, assume that the non-uniformity across the 
bar can be approximated by two different constant hardness levels, 
as shown in the figure, one being present in the outer ring, and the 
other existing in the inner solid segment. Since the two segments have 
different hardnesses, it is quite apparent that they experienced differ-
ent amounts of total strain during the working operation. This, in turn, 
means that they were subjected to different stresses during the working 
operation. Since both materials have the same basic stress-strain curve, 
the different stress levels which produced the different amount of total 
strain will also produce a tendency for different amounts of elastic 
recovery, as shown by eA and e8 in the figure. This means that if the 
two elements which comprise the total cross section of the bar were 
completely free to recover (as they would if they were independent of 
each other) they would assume the lengths shown in the center of the 
upper panel of the figure. However, they are not free to recover dif-
ferent amounts, since they must share a common interface. This means 
that the inner element A constrains the outer element 8 from recovering 
its full amount. Reactively, outer element 8 forces inner element A 
to recover more than it would as a free body to establish the necessary 
equilibrium. As a result, the outer element is longer than it would 
be by itself, and conversely, the inner element is shorter than it 
would be by itself. This is equivalent to saying that the inner element 
is under a compressive strain, while the outer element is under a tensile 
strain, when the entire cross section is at equilibrium. The resulting 
residual stress distribution is shown in the lower right corner of the 
figure. 
The above argument applies to the longitudinal residual stress. 
Similar arguments can be mounted for rationalizing the residual stress 
distribution in the hoop and radial directions. 
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Figure 5 shows an actual distribution of residual stresses in all 
three principal directions for a bar of 1061 steel which has been cold 
drawn 23 percent in two passes (2), 
Figure 6 shows a somewhat more complex distribution of the three 
principal residual stresses for a bar or 1025 steel (3). 
Non-uniform plastic flow can also occur on the cooling of 
metallic materials from elevated temperatures, and so produce a resi-
dual stress state. In this case, again, it is the constraint of the 
elastic recovery on unloading (in this case thermal unloading) that 
produces a non-uniform distribution of elastic strains in the body 
after it has equilibrated at some temperature lower than that from 
which it had been cooled, 
Figure 7 is a schematic illustration of the manner in which this 
non-uniform plastic flow comes about (1), The slab in the rear of the 
illustration (a) represents a piece of metal at some highly elevated 
temperature. It is presumed that cooling will occur from the lateral 
edges only; thus, the slab might represent a slab-like section from a 
round billet for which cooling is known to occur from the outer surfaces 
only. As the material begins to cool down, heat is extracted from the 
outer vertical edges, and they contract in the vertical direction. The 
inner material, which is still at a higher temperature, tends to reduce 
its vertical dimension less than the outer vertical elements. The 
tendency of the outer edge to contract is so great that they actually 
undergo classical plastic flow by a slip-type mechanism to relieve 
part of the contractile tendency. The relief, however, is not complete, 
and a tensile stress is created in the edge elements. Reactively, 
the center element develops a compressive stress. The resultant 
geometries and stress distribution are shown in slab (b) of the 
figure. At some later time, as the cooling progresses, the thermal 
gradient is reduced, and the stress distribution changes correspondingly, 
part (c) of the figure. When the entire slab is at ambient temperature, 
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DEVELOPMENT OF RESIDUAL STRESSES 
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Fl GURE 7 
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part (d) of the figure, a residual stress state consisting of compression 
on the outer edges of the slab and reactive tensile stressed in the center 
develops. This is the result of the fact that the edges have undergone 
the plastic flow early in the cool-down cycle, and are now longer than 
they would have been in the absence of the plastic flow. Hence, as the 
central element attempts to undergo its last amount of thermal contrac-
tion, it is restrained from doing so by the cool, longer outer edges. 
This restraint of the inner element is manifest as a tensile strain, 
and a corresponding tensile stress. Reactively, the outer elements 
experience compressive strains, and corresponding compressive stresses. 
Interestingly, the final residual stress distribution is the inverse 
of that which developed initially. 
The presence of phase transformation during the cool-down cycle 
(such as the gamma-alpha transformation in steels) produces effects or 
volumetric changes that superimpose upon those described above. Since 
the volumetric change is an expansion, the increase in volume may over-
r1de the negative change occurring as the result of normal thermal 
contraction. In this case, residual tensile stresses might be present 
on the edges of the slab. To complicate the rationale even further, 
the presence of alloying elements in the steel may produce counter 
effects to offset the gamma-alpha expansion; the residual stress 
distribution in this case might be more like that of the first case 
cited than the second. 
The complete rationale of all of the possible residual stress 
distributions that could result from the cool-down of the many complex 
systems which are represented by today's real engineering materials 
is beyond the scope of the present considerations. It is sufficient 
to note and remember that high intensity residual stresses can, in 
fact, result from the simple cool-down of metallic materials from 
elevated temperatures. 
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ASSESSMENT OF RESIDUAL STRESS EFFECTS ON MATERIAL PROPERTIES AND 
CHARACTERISTICS 
In considering the effects of residual stresses in the above 
light, it is convenient to divide the coverage into several categorical 
areas, These are residual stress effects on (a) mechanical properties, 
(b) stress corrosion susceptibility, and (c) machinability, Each of 
these shall receive individual attention, but I would like to spend 
more time on the effect of the residual stresses on the mechanical 
properties. I choose to put emphasis on this area of the residual 
stress effects, because in my experience, it is this area in which the 
designer has the greatest need for information, 
PROBLEMS WITH ASSESSING RESIDUAL STRESS EFFECTS ON MECHANICAL PROPERTIES 
Strangely enough, it is somewhat easier to rationalize the effect 
of residual stresses on mechanical properties than it is to get an 
accurate measure of the magnitude of the effect experimentally. This 
is the result of the fact, that, in most cases. the measurement of the 
residual stress effect requires machining a test piece out of the body 
that contains the residual stresses. The very act of machining the 
test pieces out of the body is a stress-relieving action, and thus 
changes the residual stress distribution in the test piece. Furthermore, 
not only may the residual stress distribution be changed b~ the machining 
operation. but also the peak intensities might be changed, Finally, 
and most disconcertingly, the signs of the residual stresses in the 
mac hi ned test piece might be different from what they were before the 
test piece material was a test piece. 
The reason for the effect of the cutting-out .of the test piece 
from the body lies in the nature of the residual stresses themselves, 
The cutting out of the test piece destroys the balance of residual 
elastic strains by changing the distribution of the constraints within 
the piece. Hence, equilibrium must be re-established, and it is almost 
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assured to be different from what it was initially. As a matter of fact, 
the most accurate method of measuring the residual stress distribution 
in a body, the Sachs Boring-Out Method, utilizes these changes to compute 
the residual stress distributions. 
Despite this shortcoming of the mechanical property measurement 
system, one can still obtain at least a qualitative understanding of 
the effect of the residual stresses on the mechanical properties of the 
material by the use of machined test pieces. In some few instances 
where tests can be performed on the full section without machining out 
test pieces, the effe9t of the residual stresses can be evaluated 
quantitatively. 
RESIDUAL STRESS EFFECTS ON TENSILE PROPERTIES 
The tensile properties of a material constitute a set of mechanical 
properties for which the residual stress effects can often be measured 
without machining out test pieces. The effect of residual stresses on 
the standard tensile test properties of a material is summarized in 
Table I. 
There is no change in the elastic modulus, Poisson•s ratio, tensile 
strength, or ductility (either e 1 ongati on or reduction in area). However, 
and most significantly, there is a reduction, regardless of the nature 
of the distribution of the residual stresses, in the direction of the 
tensile loading. In other words, the yield strength of the material 
will be reduced whether the surface residual stresses were tensile or 
compressive. The rationale for this behavior is shown in the next figure. 
Figure 8 shows a bar containing residual stresses much like the 
illustrations used before. For the sake of simplicity, assume that 
the distribution of the residual stresses can be approximated by two 
elements, as shown in the lower left portion of the figure, each of 
which has a uniform distribution of residual stress, one being compressive 
421 
PROPERTY 
Young's Modulus 
Poisson's Ratio 
Elastic Limit 
-
Yield Strength 
Tens i 1 e Strength 
Elongation 
Reduction in Area 
TABLE I 
RESIDUAL STRESS EFFECTS 
ON TENSILE TEST PROPERTIES 
(UNIAXIAL TENSION) 
RESIDUAL STRESS EFFECT 
INCREASE NO CHANGE DECREASE 
X* 
-
X* 
X 
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-
-·· .......... 
-· ... ·-· 
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X 
X 
X 
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~ 
* Slight changes have been observed, but they are too small, 
ordinarily,to be of engineering consequence. 
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SCHEMATIC ILLUSTRATION 
OF YIELD STRENGTH REDUCTION 
BY RESIDUAL STRESSES 
Fl GURE 8 
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and the other being tensile. Assume further, for the sake of simplicity, 
that the tensile and compressive stresses are numerically equal. This 
means that the equilibrium of forces can be maintained. The illustration 
on the right side of the figure shows the stress-free stress-strain 
curve for the material. Superimposed upon the plot is the stress-strain 
curve for that portion of the cross section containing tensile residual 
stresses, and that containing compressive residual stresses. Because 
these two elements are essentially prestrained by virtue of having the 
residual stresses, one will start its stress-strain relation on loading 
to the left of the zero strain axis, while the other will begin its 
stress-strain relation to the right of the zero strain axis. 
In measuring the stress-strain curve for the material in the 
tensile test, the strain distribution across the entire cross section 
of the bar is integrated to give a single average strain value. Because 
of the simplifying assumption made in the illustration, this means that 
for any given load applied, or for any given stress on the cross section, 
the measured strain is the average of that in the part of the cross 
section containing residual tension, and that part of the cross section 
containing re~idual compression. 
The figure shows that the measured curve is below that of the 
residual-stress-free material. This is the result of the fact tha~ 
the stress-strain curve is non-linear once the elastic limit of the 
material is exceeded. Significantly, this non-linearity for the per-
formance of the entire cross section begins when any portion of cross 
section begins to flow plastically. 
The example shown on the figure illustrates the point made pre-
viously, that the effect of residual stress distribution is always in 
the direction of reducing the yield strength. Further, this analogy 
would be valid to the same degree even if the outer portion of the 
cross-section contained residual compression rather than residual 
tension. 
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Figure 9 shows measured stress-strain curves for full sections 
of yellow brass tubing, one of which is ·residual-stress-free (the 
stretched material) and the other of which contains residual stresses 
(the sunk material) (4). The peak residual stress in the sunk material 
was +48,000 psi. It can be seen that there is about a 15% drop in the 
0.01% offset yield strength, and about a 10% drop in the 0.2% offset 
yield strength. 
Figure 9 shows another very important characteristic of materials 
containing residual stresses in relatior to those of the same material 
that is residual-stress-free. The two curves come together as the 
amount of plastic deformation increases. It is for this reason that 
the effect of residual stresses on the tensile strength and ductility 
of the material is-almost non-existent. The reason for the merger of 
the two curves lies in the basic origin of residual stresses. In homo-
geneous materials, residual stresses stem from the non-uniform distri-
bution of plastic deformation. For the case at hand, the sunk tubing 
had a very non-uniform distribution of the cold work in its cross 
section, while the plastic deformation was quite uniformly distributed 
in the stretched material. The degree of non-uniformity in the sunk 
material, however, decreased during the conduct of the tensile test, 
because the tensile test itself introduces uniform plastic deformation, 
at least up to the necking strain during the test. This means that 
the initial non-uniformity of the material is diluted by the increase 
of the plastic deformation level by virtue of the addition of a per-
fectly uniform plastic strain. Thus, to a large degree, the tensile 
test is, in itself, a stress-relieving mechanism. 
While of the tensile properties it is onl~ the yield strength 
which is affected in a major manner by residual stresses, it is perhaps 
the most important of the tensile properties because it is this tensile 
property which is the basis for most designs. Since this is the case, 
it becomes quite important that the designer be aware of adverse effects 
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of residual stresses on this important design criterion. Once he knows 
this, the designer can take account of the effect in his design, or 
perhaps judiciously specify residual-stress-free materials in his design. 
RESIDUAL STRESS EFFECTS ON TOUGHNESS 
The toughness of materials is generally conceded to be a measure 
of their resistance to abuse conditions. Hence, the toughness becomes 
a very important mechanical property. Unfortunately, the toughness of 
materials must almost always be measured by the use of test pieces cut 
from the material whose toughness is being evaluated. This brings into 
focus the perpetual problem with evaluating residual stress effects 
which was noted before, i.e., the fact that the cutting of the test 
piece from the body changes the residual stress patterns and intensities 
that the body contains, and which will (or might be) present in it 
when it is put into service. This problem has no solution, and since 
some (at least qualitative) understanding of the role of residual 
stresses on toughness is necessary, the material engineer and designer 
must 11 go with 11 the available toughness tests. 
The most commonly used tests today for toughness evaluation are 
the Charpy impact test and more recently, the plane strain fracture 
toughness test. The former yields values in terms of energy to produce 
fracture, and the ductile-brittle transition temperature; the latter 
give information on the resistance of the material to resist the rapid 
propagation of a pre-existing crack. 
Despite the fact that many engineers believe the fracture toughness 
test to be most indicative of the materials• basic toughness, it is still 
sufficiently new that the effects of residual stress on the Krc para-
meter have not yet been assessed. Consequently, one is confined to 
viewing the effects of residual stresses on toughness in terms of the 
data which the Charpy impact test yields. 
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The most common method of assessing the role of the residual 
stresses on the impact values is that of measuring the ductile-brittle 
transition curve of the material containing residual stresses, and of 
the same material after it has been given some kind of a stress relief 
treatment. Figure 10 shows data from such a test program for two dif-
ferent steels, AISI 1016 and AISI 1040 (2). The data on the slide 
show several interesting features. The first of these is that the two 
steels reacted differently to the presence of the residual stresses in 
terms of the manner in which the transition temperature was affected 
by increasing intensities of residual stresses. While the 1040 steel 
behaved as one might expect - increasing levels of residual stresses 
(increasing amounts of cold work) raised the transition temperature, 
a generally adverse effect - low to intermediate stress levels 
decreased the transition temperatures for the 1016 steel, while very 
high residual stress levels produced the expected drop in transition 
temperatures. 
The maximum energy values reflect the problem cited earlier with 
attempting to assess residual stress values from test pieces cut from 
the body containing the residual stresses -the usually unmeasurable 
change in the residual stress state and intensity as a result of the 
cutting operation. For the 1040 steel, all energy values increased as 
the result of the stress relief; for the 1016 steel, the change varied 
with the absolute intensity of the residual stress (amount of cold work). 
RESIDUAL STRESS EFFECTS ON FATIGUE RESISTANCE 
Although the entire area is generally clouded by a lack of direct, 
unequivocal evidence, it is generally agreed that the presence of 
residual stresses will have either a beneficial or a detrimental effect 
on fatigue resistance, depending upon the sign of the residual stresses 
in the direction of fatigue loading, and at the location of fatigue 
crack initiation. If the residual stresses are tensile, the fatigue 
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resistance is lowered; if they are co~pressive, the fatigue resistance 
is improved, The difficulty in assessing the role or residual stresses 
on fatigue resistance with some degree of certainty stems from several 
sources: 
1. Methods of inducing residual stresses into a body usually 
change the basic properties of the material in the body, 
and fatigue resistance of the body is dependent upon these 
basic material properties. 
2. Intensity of the residual stresses may change during the 
fatiguing operation, or in the fatigue testing, as a result 
of the fatigue crack initiation and propagation mechanisms. 
To illustrate the above, one popular method of inducing compressive 
residual stresses into the surface of a body to improve its fatigue 
resistance is that of shot peening. While the shot peening does, in 
fact, induce residual stresses of compressive sign by the surface cold 
work that it produces, it also raises the tensile strength (or hardness) 
of the material on the surface. Consequently, since the fatigue resis-
tance of most materials increases with its strength and hardness, it is 
impossible to determine the part of the fatigue resistance improvement 
which is attributable to the compressive residual stress, and which 
part is attributable to the increased surface strength. 
The same situation is true for case carburizing or case hardening 
of steels. 
The change in the basic properties of the material during the 
fatiguing action may take several forms. Surface oold worked materials 
may undergo mechanical relaxation during the fatiguing; precipitation 
hardened materials may undergo surface over-aging during the fatiguing 
action. Both of· these mechanisms will reduce the surface strength of 
the material, as well as reducing the residual stress intensity, 
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Soft materials may undergo surface work hardening as a result of 
the fatiguing action. This results in an increase of fatigue resis-
tance by virtue of the increase in strength and the development of 
surface compressive stresses. Again, the issue is clouded. 
Attempts to assess the role of the residual stresses on the fatigue 
resistance by controlled laboratory tests have not been completely 
successful in resolving the dilemna, because of the 11 tricks 11 or 11dodges 11 
which had to be used in the work. Let me illustrate such a case. 
Figure 11 shows the results of some of the work of Rosenthal and 
Sines in this area (5). The material used was 6061-T6 aluminum alloy, 
and the S-N curves show an improvement of some 25% in endurance limit 
with the presence of compressive residual stresses, while the endurance 
limit dropped some 30% with the presence of tensile residual stresses. 
In both cases, the residual stress intensity was reported to have been 
11,000 psi in the direction of the applied fatigue loading. However, 
the complication arises in the fact that the data were developed with 
the use of notched test pieces, tested in reverse bending, and the 
residual stress state was induced by ~restraining the notched test 
pieces in either tension or compression, depending upon the residual 
stress sign desired. In addition to developing a ring of cold worked 
metal at the notch bottom, the magnitude of which probably depended upon 
whether the prestrain was tensile or compressive, the prestrain will 
change the notch sharpness, depending also upon the direction of the 
prestrain. Thus, the experiments are not completely 11 Clean 11 • 
Some work conducted in our own laboratory comes a little closer 
to being able to isolate residual stress effects by themselves. 
Figure 12 shows the results of this work (2). In this study, cold 
drawn steel bars served as the material. The bars were cold worked 
various amounts, after which some of them were given a stress relief 
anneal. Fatigue test pieces were then cut from the half-radius location, 
and tested in completely reversed bending to generate S-N curves. Thus, 
it was possible to remove the uncontrolled parameters, such as the 
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amount of cold work, variations in residual stress content, etc. The 
results show that there was about a 15-20% improvement in fatigue 
resistance as measured by endurance ratio, upon removal of the residual 
stress. 
The study, however, still lacked completeness, in that the degree 
to which the residual stresses had been reduced in cutting the test 
pieces from the bars was not evaluated. Consequently, the improvement 
of the 15-20% shown on the figure is much less than it would have been, 
had the whole bar been evaluated in terms of its fatigue resistance 
before and after the stress relief anneal. This anneal did not remove 
all of the residual stresses; there were still about 10-15% of the 
original intensities present in the bar after the anneal. 
Despite the fact that the specific quantitative contribution of 
the residual stresses themselves cannot be assessed accurately, it is 
generally held that compressive stresses improve the resistance. As 
a result, practices such as shot peening and carburizing find relatively 
extensive use as treatments for improving fatigue resistance. 
RESIDUAL STRESS EFFECTS ON CORROSION-RELATED BEHAVIORS 
In considering residual stress effects in the area of corrosion 
behavior, one can logically break the field into three areas: general 
. 
corrosion, localized corrosion, and stress-corrosion cracking. 
In the first two of these areas, it is generally held that the 
effect of residual stresses is of minor engineering consequence. 
However, this may not, in fact, be the case. The presence of residual 
stresses, of necessity, means also a non-uniform distribution of elastic, 
and perhaps plastic, strains within the body. It follows necessarily, 
then, that there will be a non-uniform distribution of strain-energy 
within the body. Since corrosive attack requires energy consumption, 
it is logical to conclude that materials containing residual stresses 
will corrode more quickly than those which are free of residual stresses. 
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Research presently underway at several laboratories in this country 
seems to indicate that the source of stored strain energy which residual 
stresses constitute, may in fact, be responsible for accelerated crevice 
corrosion, and several similar phenomena. The work, however, has not 
progressed to the point that its results bear discussion at this time. 
The third area of corrosion-related behaviors to which residual 
stresses make contribution, stress-corrosion cracking, is of major 
concern to the material engineer and the designer. Termination of 
useful life of a myriad of components and structures because of stress 
corrosion cracking constitutes a sizable economic loss every year. 
Examples may be found around the home - cracked electric light bulb 
bases, leaky aluminum cooking utensils, cracked refrigerator coils, 
etc., are but a few items that are, or used to be, fairly commonplace. 
However, stress corrosion failures are not limited to domestic appliances. 
There are major problems in petroleum refining operations, oil drilling 
operations, petroleum product transmission pipe lines, to mention but 
a few. 
Stress corrosion cracking in situations where the source of the 
stress is the residual stress content of the material is not limited to 
thin sections of corrodable materials. Figure 13 shows an almost com-
plete fracture in a 1 1/2 inch diameter bar of stainless steel. The 
fracture took place, as a matter of fact, while the bar was sitting on 
a shelf in our laboratory stock room. The material is 301 stainless; 
it had been cold drawn from a 2" diameter bar to the 1 1/2" diameter 
without intermediate annealing. The peak longitudinal residual stress 
was computed to be about 200,000 psi. The significant point here, 
however, is that the corrosion environment was the laboratory air in 
our building; failure occurred more than six months after the cold 
working. 
The mechanism of stress corrosion cracking seems to be well enough 
understood for most practical purposes. In a corrosive medium, corrosion 
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will occur first at grain boundaries because they are loci of high stored 
strain energy on an atomic scale. In the absence of any stress, the 
attack will be relatively slow, because the corrosive action is somewhat 
of a stress relieving mechanism itself. However, in the presence of a 
stress, either residual or applied, the crevice which results from the 
initial corrosion serves to concentrate the applied or residual stress 
in the body. Putting it another way, the initial crevice causes a con-
centration of the stress and strain resulting from it, and thus acts 
as a locus of even higher strain energy. Thus, so long as the corrosive 
environment is present, the corrosive attack will take place at an 
accelerating pace along the grain boundaries, because the deeper the 
crack grows, the greater is its stress intensifying action. The 
presence of second phase particles in the grain boundaries greatly 
accelerates the rate of stress corrosion cracking; the existence of 
chemical concentration gradients in grain boundaries has the same 
effect, even though separate, distinct phases are not present as such. 
It might be pointed out that almost no metallic materials are completely 
immune to stress corrosion crack1ng if the right corrosive environment 
is present, and if the stress level, applied or residual, is sufficiently 
high. 
RESIDUAL STRESS EFFECTS ON MACHINABILITY 
To anyone working in the field of materials, the importance of 
machinability need not be emphasized - he is only too familiar with 
its importance. The metallurgist and materials engineer constantly 
recoils to the practice of adding sulfur, lead, and/or tellurium to 
steel to make it more machinable, because he knows the adverse conse-
quences that these additions have to the steel's toughness. Yet, every 
engineer knows that without these additions, the cost of machining the 
metallic materials would be prohibitively high. 
In order to assess the effects of residual stresses on machin-
ability, one must first define what is meant by the term 11machinability 11 • 
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This could be the subject for a four-hour lecture in itself, and I am 
not about to try to undertake such a task. However, it is generally 
conceded that among the various factors which go into an overall 
machinability rating are (a) tool life, (b) power required, (c) finish, 
and (d) dimensional tolerance. In specific machining operations, there 
may be additional factors. 
Of the four factors which enter into almost all machinability 
ratings, only the fourth - dimensional tolerance - is influenced 
seriously by residual stresses. Recalling that the presence of residual 
stresses really means the presence of non-uniformly distributed residual 
strains, the removal of part of the body containing the residual stresses 
by the machining operations will bring about a removal of part of the 
·residual strain distribution. Since the body must be in equilibrium 
despite the removal of part of the residual strain distribution, a 
re-distribution of the remaining residual strains will take place after 
the machining operation. This redistribution is manifest as a distortion 
of the part after machining on release from the holding devices on the 
machine tool with which the machining was performed. 
For many machined parts, such as automatic machine screw products, 
the amount of distortion that accompanies the machining of the basic 
material is not prohibitively large. On the other hand, the finish 
machining of parts which must fit into other parts, such as shafts, 
bearing, etc. cannot result in any significant distortion at all if the 
parts are to meet specifications and function properly. The same is 
true for machining of structures that have been assembled by welding. 
If severe distortion, or distortion of any objectionable level, 
takes place in the machining operations, there are really no satis-
factory remedial measures. The one 11 fiX 11 which is sometimes used is 
a straightening operation, with an arbor press or some other device of 
this kind, However, this remedy is far from satisfactory. Post-
machining straightening is usually carried out at room temperature 
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for the obvious reasons of preserving finish, etc. This means that it 
is a cold working operation. Further, it is one in which the cold work 
is added non-uniformly. This means that it will, of itself, introduce 
more residual stresses. Unhappily, these stresses may relieve them-
selves with time as the part is in service, particularly if the part 
is subjected to vibration in service. This means that there may be a 
gradual distortion during the life of the part, which may be even more 
objectionable than the initial distortion. 
RESIDUAL STRESSES IN DESIGN CONSIDERATIONS 
Knowing the general nature of residual stresses, their origin, 
and their general effect, the question naturally arises, 11 To what extent 
should their presence be taken into account in design considerations? 11 
Before attempting to answer this question, it is well to summarize the 
above discussion of the general effects of the presence of residual 
stresses on those properties and characteristics about which we have 
been talking. This summary is shown on Table II. 
A quick glance at the table indicates that, for the most part, 
residual stresses are either deleterious, or they have no effect at all. 
In only one case, fatigue resistance, is there any positive benefit~ 
and in this case, the sign of the stress must be controlled very carefully. 
The adverse effects of residual stresses would be even more 
striking if we had considered some of the more subtle effects of resi-
dual stresses. For example, we are relatively certain that the 
presence of tensile residual stresses on the surface of parts increases 
their susceptibility to hydrogen embrittlement in that they accelerate 
the rate at which hydrogen can be absorbed into the surface in plating 
operations, etc. High intensity tensile residual stresses within the 
matrix of fiber composites tend to promote fiber-matrix interfacial 
debonding. Other somewhat more specialized situations like this might 
also be cited, but it does not seem necessary at this point to make 
the case any more strongly. 
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TABLE II 
SUMMARY OF RESIDUAL STRESS EFFECTS 
PROPERTY RESIDUAL STRESS EFFECT OR 
CHARACTERISTIC INCREASE NO CHANCE DECREASE 
Elastic Constants X 
--
r---- ---
Yield Strength X 
Tensile Strength X 
---
Tens i 1 e Doc t i 1 i ty X 
Toughness X X 
,_ 
Fatigue Resistance X X X 
Stress Corr. Resist. X 
-~ 
Machi nab i 1 i ty X 
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Of all the areas in which residual stresses have an effect, it is 
only the fatigue resistance area in which residu~l stresses are actually 
utilized for beneficial effects in the design considerations. Here, 
processing is specified that will produce surface residual compression 
on components which are subjected to cyclic loading. The aircraft 
industry probably follows these procedures more than any other in this 
country. Shot peening of propeller hubs, landing gears, and similar 
parts is fairly commonly used to improve fatigue resistance. 
In addition to the uses by the aircraft industry, residual com-
pressive stresses are introduced into various parts and components in 
other scattered applications. Some of these include marine components, 
certain off-the-road earth moving equipment, etc. Further, certain 
special processing procedures, such as the autofrettage of gun tubes 
and thick-wall pressure vessels, employ the principle of planned residual 
compressive 'stresses. The total amount of this type of processing is, 
however, rather small. 
In those situations in which compressive residual stresses are 
used to improve fatigue resistance, the operations used to introduce 
the stresses must be very carefully controlled. If the processes are 
not carried out carefully, the residual stress intensity might not be 
sufficiently high; in some cases, the misunderstanding of the processing 
and lack of control can actually produce residual tension, rather than 
residual compression. 
For all of the properties upon which residual stresses have an 
adverse effect, the degree to which they are taken into account depends 
upon the use to which the part will be put. Here, it is the value 
judgment of the designer which governs. If distortion of the part upon 
machining is not important, if a 10-25% reduction in yield strength can 
be tolerated, if there are no corrosive atmospheres associated with 
the use of the part, etc., then the presence of residual stresses can 
be ignored. As it turns aut, the number of cases in which the presence 
of residual stresses must be taken into account is significantly high. 
This is the reason for the rather extensive work that has been done en 
stress relief treatment systpm~ 
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Whether or not the designer chooses to take the presence of 
residual stresses into account, he should still be knowledgeable of 
their presence, and the 1 on g-range effects that they might have. Neg-
lect of this consideration has often been costly. 
The one segment of our materials industry which is perhaps more 
mindful of the adverse effects of residual stresses is that which pro-
duces welded structures. Here, the distortion which results from the 
residual stresses is very often prohibitively large, and stress relief 
after weld assembly is very commonplace. 
If it is the judgment of the designer that the effects of residual 
stresses cannot be tolerated, he is faced with a decision as to how to 
avoid the adverse effects. There are two possibilities - the first is 
that of avoiding the presence of residual stresses to begin with, and 
the second is that of using some stress relief system to reduce their 
intensity once they have been generated. Usually, this choice is dic-
tated by relative cost. 
Avoiding the presence of residual stresses altogether may entail a 
complete change in manufacturing method - machining the part from solid 
stock rather than cold forming it, bolt-fastening rather than weld 
assembly, etc. In most cases, this alternative is more costly than the 
second. Hence, the second solution, stress relief processing, finds 
extensive use. 
RELIEF OF RESIDUAL STRESSES 
While it is perhaps not in the province of this talk to delve into 
the subject of the relief of residual stresses, it seems that the topic 
must be at least touched upon, not only for the sake of completeness, 
but more importantly, because of the engineering significance of the 
subject. 
There are only two categorical methods for relieving residual 
stresses: thermal stress relief anneal, and mechanical treatments for 
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the reduction of peak residual stress intensities. Each has its advan-
tages, and each has its limitations. 
STRESS RELIEF ANNEALING 
As the name implies, this treatment consists of heating the body 
containing residual stresses to a sufficiently high temperature, 
holding it at this temperature for a sufficiently long time, and 
finally cooling it slowly back to ambient, or near ambient, temperature. 
The rate of heating to the stress relief annealing temperature does not 
seem to be critical in terms of the relief of residual stresses. The 
stress relief annealing temperature should be as high as economically 
feasible, consistent with avoiding temperature-related complications. 
The rate of cool-down from the stress relief annealing temperature again 
is not critical, so long as temperature gradient complications are avoided. 
The time for the total cycle is seldom less than six hours (because the 
minimum holding time at temperature is usually four hours), and may be 
as high as 72 to 96 hours for complex weldments. 
The limitations of the process are its high cost, the impossi-
bility, or at least impracticality, of removing all of the residual 
stresses, the long periods of time required for the treatment, and 
often the need for removing scale from the parts which have been stress-
relieved. To illustrate the cost item, Table III. shows a cost schedule 
for stress relief annealing, up-dated to the present time. The signi-
ficant point is that, on the average, the cost of stress-relieving (in 
this case, weldments) is about 10% of the total cost charged to the 
customer for the weldment. It is easy to see that this represents an 
annual cost in this country in the $100 millions. 
The limitation of not being able to reduce the residual stress 
intensity to zero is shown in Figure 14 (2). Here, the residual stresses 
resulted from the cold drawing process which was used to strengthen the 
material. The requirement of the stress relief treatment was that it 
should reduce the residual stress intensity to the lowest possible 
level without a loss of strength. Within this limitation, it was 
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TABLE Ill 
TYPICAL CHARGE SCHEDULE 
FOR THERMAL RELIEF OF RESIDUAL STRESSES 
IN STEEL WELDMENTS 
(1 June 1974) 
Weight of Assembly Annealing Charge Pounds 
0-200 $15·00* 
200-500 Oo06/lb 
500-1000 0·05/lb 
1000-1500 0·045/lb 
1500.:..2000 o.o4/lb 
over 2000 0·035/lb 
·* Minimum charge 
NOTEa On the average, the charge is about 
10% of the cost of the weldment. 
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possible to reduce the level of the residual stress only 90% of their 
initial values. 
The exact mechanism by which thermal stress relief reduces resi-
dual stress intensity is not clearly defined. There are two schools of 
thought on the subject. The first holds that the reduction of stress 
level is the result of the effect of the elevated temperature in reducing 
the elastic limit and elastic constants of the material. The second 
contends that the elevated temperature promotes certain atom-scale 
relaxation processes. Of these models, the first should be time 
independent, while the second should be quite dependent upon time. It 
appears that both are correct to some degree, and that both operate 
concurrently. 
MECHANICAL RELIEF OF RESIDUAL STRESSES 
There are two types of mechanical stress relief that can be 
employed to reduce the intensity of residual stresses in some bodies. 
The first of these consists of the addition of a small uniform plastic 
strain to the body, and the second consists of adding vibrational energy 
to the body. The first of these is rather well known, despite the fact 
that its use is limited to a restricted number of bodies containing 
residual stresses; the second is relatively new, and its use is perhaps 
even more restricted than the first. 
The introduction of a small amount of uniform plastic strain, 
usually in the order of 2% extension, has the effect of reducing the 
non-uniformity of the plastic strain which created the residual stresses 
initially. Figure 9 shows the stress-strain behavior for a stress-free 
bar and one which contains residual stresses. As the tensile strain 
during the test increases, the curves come together. In other words, 
the bar with stresses initially begins to behave like that which was 
stress-free. This means that the residual stresses are disappearing. 
Putting it another way, the non-uniformity of the strain distribution 
is continuously diluted by the added uniform strain of the tensile test. 
This is precisely the principle used in the uniform strain mechanical 
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stress relief process. The processes bearing the commercial names such 
as 11 Stretcher leveling .. are designed on this principle. The processes 
are capable of reducing the peak stress intensities by 90 or more. 
While the uniform-strain stress relieving process is effective, 
relatively inexpensive, and quick, its applications unfortunately are 
quite limited. It cannot be used on welded assemblies, or on any 
components which are not amenable to undergoing a 2% uniform strain. 
This means automatically that it cannot be used on finished parts of 
any kind, Hence, its use is limited to bar and sheet materials and 
plates of mod~rate thickness. 
As noted above, the second method of mechanical stress relief is 
relatively new, and in little use. It consists of subjecting the body 
containing residual stresses to resonant mechanical vibrations at fre-
quencies well below the ultrasonic. The vibrational amplitudes may be 
very sizable - in the order of inches. The bodies containing the residual 
stresses are made to vibrate mechanically with a device which self-seeks 
the resonant frequencies for the bodies under treatment. The vibration 
is continued for periods of time from 30 minutes to several hours. 
The vibrational stress relief system seems to be particularly 
effective on large parts in which the residual stresses stem from 
welding processes, or from non-uniform cool-down from elevated temper-
atures. It does not seem to be effective on small parts, nor on parts 
containing residual stresses as a result of severe cold working oper-
ations. In those situations in which it is effective, the efficiency 
in terms of degree to which the stresses are relieved is at least as 
good as competitive stress relief annealing. In addition, it is much 
quicker, and much less costly. 
COMPARISON BETWEEN THERMAL AND MECHANICAL STRESS RELIEVING 
The relative advantages and disadvantages of the two types of 
stress relieving treatments - thermal and mechanical - can be summarized 
rather succinctly as follows: 
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• Thermal stress relief can be used on any body containing 
residual stresses. However, it is quite time-consuming and 
costly, and often involves re-finishing operations upon its 
completion . 
. Mechanical stress relief, on the other hand, is quick, 
inexpensive, and requires no post-treatment finishing of 
the part. However, its use is restricted in terms of the 
geometries of the bodies which respond to the process, 
and/or the origin of the residual stresses. 
In terms of efficiency of the reduction of residual stress level, 
both are equally effective when used on the appropriate materials. 
ASSESSMENT OF RESIDUAL STRESS EFFECTS IN TERMS OF FIELD SERVICE 
The evaluation of the deleterious effects of residual stresses in 
terms of field service becomes very difficult if accurate, quantitative 
measures are sought. The reason for this situation is that residual 
stresses OF THEMSELVES, acting as single agents, usually do not cause 
- ' 
catastrophic failures. However, acting in concert with other agents 
or parametric factors, they can substantially shorten the useful life 
of the bodies in which they are contained. Let me illustrate this 
point with a few examples. 
Fatigue failures may occur in structures that would otherwise be 
immune to fatigue fracture if tensile residual stresses are present in 
areas of high cyclic stress loading. Yet, the failure will be attributed 
to fatigue. 
Stress corrosion cracking might occur in a body which. would other-
wise be resistant to the corrosive cracking in the same environment, 
but in the absence of residual stresses. Yet, the failure will be laid 
at the door of the stress corrosion, rather than at that of the residual 
stresses. 
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Local yielding might occur in a member as the result of residual 
stresses at applied stresses well below the stress-free elastic limit 
of the material. Such yielding might result in a myriad of problems -
lack of fit, excessive wear, strain aging, etc. - each of which consti-
tutes a failure, but none of which would normally be attributed to the 
residual stresses. 
It is usually only those cases in which the gradual in-service 
relief of residual stresses causes noticeable distortion, and concommitant 
malfunctions, that the true culpability of the residual stresses is 
recognized. 
Thus residual stresses can be, and very often are, very significant 
factors in producing catastrophic failures, and/or shortening the useful 
life of many materials and structures; however, their major input into 
the failure very often goes unrecognized. As a consequence, little data 
are available on the total extent to which residual stresses constitute 
a major economic loss annually. Despite this lack of quantitative data, 
there can be little doubt that unrelieved and unrecognized residual 
stresses constitute a major problem in the materials and structures 
industries. 
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